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Abstract 
This work presents the results of using a new tool to simulate the cogeneration of water and electricity with Concentrating Solar 
Power (CSP) and Forward Feed Multi-Effect-Desalination (FF-MED) plants, by adding a new functionality to the System 
Advisor Model (SAM) developed by the US National Renewable Energy Laboratory (NREL). The controlling strategy of the 
MED model is presented in detail, and a case study application is shown. This study compares the results obtained with a CSP 
plant operating in San Diego, CA, with four different cooling systems: an MED/Seawater Cooling Circuit (SWCC), dry cooling, 
wet cooling, and a SWCC standalone. The results show that the usage of an MED/SWCC system in cogeneration with a CSP 
plant can be feasible and has the potential to be economically interesting. 
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1. Introduction 
Concentrating Solar Power (CSP) and desalination processes can be a solution to solve the problems of water 
scarcity and sustainable electricity production in many zones around the globe where both these commodities are in 
short supply [1]. Multi-effect-distillation (MED), together with Reverse Osmosis (RO) and Multi-Stage Flash (MSF) 
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represent the most reliable, commercially proven and efficient methods to provide fresh water via desalination. 
These processes demand large amounts of energy to operate, and can theoretically be connected with CSP plants [2]. 
This work shows the results of using a model recently developed to simulate the physical output of a Forward 
Feed (FF) MED system in cogeneration with a CSP plant. This was accomplished by creating in TRNSYS an add-
on to the System Advisor Model (SAM), previously developed by the US National Renewable Energy Laboratory 
(NREL). A description of the controlling strategy for the new desalination component is also presented. 
 
Nomenclature 
CSP  Concentrating Solar Power 
DNI  Direct Normal Irradiance  
FF  Forward Feed 
HTF  Heat Transfer Fluid 
MSF  Multi-Stage Flash 
MED  Multi-Effect-Desalination 
NREL  National Renewable Energy Laboratory 
NCG  Non Condensable Gases 
PSA  Plataforma Solar de Almeria 
RO  Reverse Osmosis 
SWCC  Seawater Cooling Circuit 
SAM  System Advisor Model 
2. Description of the CSP+MED system 
The studied CSP+D system consisted in a 111 MWe parabolic trough CSP plant coupled with a multi-effect 
desalination plant. The thermodynamic simulation for the CSP section of the cogeneration cycle was done using 
SAM’s physical trough model developed in TRNSYS. TRNSYS is a commercial software package designed for 
simulation of transient systems (www.trnsys.com), and is the core programming system used within SAM. SAM can 
perform calculations on the performance of several types of CSP plants. For this work the Rankine power block 
model for parabolic trough CSP plants was chosen. In order to simulate the desalination section of the cogeneration 
cycle, two new TRNSYS components were built: one to simulate an FF-MED plant and a second to simulate a once-
through Seawater Cooling Circuit (SWCC). In this simulation the MED plant was designed to receive 62.5 MWt 
(using 12 effects, each with 12000 m2 of heat transfer area) and capable of producing 16 400 m3/day. The SWCC 
was dimensioned for 156 MWt. Figure 1 presents the proposed diagram for the CSP+MED/SWCC system. 
Figure 1 – Diagram of the CSP+MED/SWCC system considered in this work 
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3. CSP plant 
3.1. CSP plant mathematical model and dimensioning 
SAM’s Physical Trough model derives performance equations from first principles of heat transfer and 
thermodynamic whenever possible. The model includes transient effects related to thermal capacity of the Heat 
Transfer Fluid (HTF) in the field piping, headers and plant balance. It also allows a more flexible field component 
specification, including multiple receiver and collector types within a single loop [3]. The model also incorporates 
other existing sub-system models used in calculations for the collectors, receivers head loss, field piping pressure 
drop and power cycle performance.  
The power block and its heat rejection subroutines were the parts of the SAM code that interact directly with the 
new MED/SWCC model described in this paper. The power block model was based on a representative detailed 
Rankine cycle made with a process-simulation software (Engineering Equation Solver). A structured design-of-
experiments approach was used to extract output dependencies within a framework of statistical effects and 
interactions.  
3.2. CSP plant operating mode  
Different operating modes are assumed possible in SAM for a trough CSP plant [3], namely: 
1. Operation below minimum cutout fraction for the power block 
x Cold Shutdown 
x Hot standby 
2. Part-load operation (above minimum cutoff fraction and below the design point) 
3. Operation at design point or bellow maximum turbine over design fraction 
x where all the energy can be used and/or stored by the power cycle and storage system 
x where not all the energy produced can be used and stored 
 
The standard cooling options available in SAM for the Rankine cycle are: 
x Wet cooling using a closed-loop evaporative cooling tower 
x Dry cooling 
x Hybrid wet/dry cooling 
 
To assume the use of seawater instead of freshwater on SAM’s  standard “wet cooling” system a correction 
factor of 0.055 ºC for each 4000 ppm of circulating water salinity [9] was added when defining the design ambient 
wet bulb temperature.  
4. MED and SWCC systems 
4.1. MED/SWCC mathematical model and dimensioning 
The model used to describe the MED system is an adaptation of a model made by El-Dessouky and Ettouney 
[4]. This model considers several simplifications of the distillation process, but is simple to use, and has the 
potential to describe a FF-MED process without compromising the results if the aim is a first analysis on the usage 
of this technology. 
The MED model used in this work is a modification of the model described in [4] and assumes the following [5]: 
 
x Constant specific heat for the seawater at different temperatures and salt concentrations 
x Constant thermodynamic losses per effect (losses are summed, and subtracted to the heat input of the first effect) 
x Constant heat transfer area 
x Vapor flashing is not accounted inside the effects (non-equilibrium allowance) 
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x Feed seawater enters all effects at saturation temperature (except in the first effect) 
x Equal thermal loads between effects 
x Vapors are salt free 
x The difference between the condensation and evaporation temperatures is equal to the driving force for heat 
transfer in each effect 
x Saturated steam powering the first effect 
x Constant energy losses to the surroundings 
 
The data generated by the model are limited to: 
 
x Brine and distillate flow rates 
x Brine concentration 
x Temperature profile 
x Heat transfer area 
 
It was assumed that the MED plant capacity is sized according to required CSP installed power. The MED plant 
will operate at nominal conditions for a determined percentage of the steam output from the CSP Rankine cycle. The 
remaining steam is assumed to be condensed by the SWCC. With this strategy the user running the simulations can 
influence the amount of time that the MED plant will operate under nominal conditions even with variable heat load 
output from the steam turbine, at a cost of limiting the maximum distillate production during peaks in the day.  
The operating temperatures at the extremes are pre-defined for the MED system. The same is true for the 
maximum allowed brine salt concentration, feed water temperature from the condenser and seawater characteristics. 
The MED model sets a control mechanism so that these temperatures on the MED plant are kept constant with 
different mass flows, reacting to the transient effects of the heat source (the CSP plant). The SWCC was 
dimensioned assuming that the whole output from the turbine could be condensed solely by it. 
 
The main parasitic consumptions were considered for both the MED and SWCC, namely:  
1.  pumping electrical consumption with:  
x brine between effects, and brine extraction from last effect (MED)  
x feed and/or cooling water intake (MED and SWCC) 
x brine and/or cooling water back to the sea (MED and SWCC) 
x distillate storage, and distillate extraction from last effect (MED) 
2. Steam consumption needed to eject Non Condensable Gases (NCG) from the MED (note that the impact 
of motive steam extraction from the CSP turbine for NCG removal was not accounted yet on the 
Rankine cycle performance) 
4.2. MED/SWCC controlling strategy 
The MED plant is set to have a minimum startup time, and it was assumed that it will preserve temperature and 
vacuum conditions during the periods when it does not operate. During this period the plant is in standby mode. No 
allowance was made for the MED plant to stop production throughout the year due to maintenance, failures, or a 
prolonged halt of the CSP plant. Because of that no cold startup was considered, as it would only occur once during 
a one year simulation (in average these cold startups take 2h30m in commercial MED plants). No minimum 
stopping time was considered, as this type of plants can take less than 10 minutes to come to a full standby 
condition. 
 
The MED plant is only assumed to operate during the periods when the Rankine cycle is operating above the 
minimum cutoff fraction, and providing energy to the MED system above the MED minimum cutoff load. During 
these periods the extra steam load from the turbine not condensed by the MED plant is directed to the SWCC. In this 
way the fluctuations during operation are assumed to be mostly compensated by the SWCC, which is a much more 
resilient component and easier to operate than the whole MED plant. 
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There is a minimum startup period for the MED plant to become operational after every stop in production.  The 
MED plant will only pass from a standby to an operational mode after the turbine in the Rankine cycle has already 
gone through its own startup period and is working above its own minimum cutoff fraction. The steam consumption 
of the MED plant during the startup period is not accounted, and all the steam from the turbine is considered to be 
condensed by the SWCC. 
 
There is a minimum cutoff fraction for the MED plant relative to its own design conditions, under which it will 
not operate. There is also a maximum over design fraction for the MED plant, above which it will continue to 
operate at his maximum capacity, but it will divert the excess steam coming from the CSP plant into the SWCC, as 
in these conditions it has reached its maximum heat load input (percentage above design conditions). 
 
The MED plant will not operate without the Rankine cycle. The SWCC will work as needed without restrictions, 
and will be stopped if no heat load needs to be rejected. The SWCC model can also be used in simulations together 
with the CSP plant without assuming the existence of the MED system. When the MED+SWCC option is chosen, 
the steam condensation temperature will be the same for both components, even during periods when only the 
SWCC is working and the MED is in standby (condition which will implicate normally a higher steam condensation 
temperature at the end of the turbine compared with what could be achieved by using a only a SWCC). 
The parasitic consumptions are calculated whenever the MED or SWCC are considered to be starting-up or 
operating. The current model does not account for the impact on the turbine of the extra steam withdrawn to eject 
the NCG.  This is an improvement to be made in the future, where intermediate steam extractions for this purpose 
will be assumed in the CSP power block performance of SAM. The energy consumption with the extraction of NCG 
was calculated in this model under these circumstances to have a reference value for comparison with the heat load 
input on the MED plant. 
4.3. MED/SWCC operating modes 
Different operating modes are assumed possible with the MED + SWCC: 
 
1. CSP Turbine: below cutoff fraction and/or during startup period 
x MED (standby) + SWCC (off) 
 
2. CSP Turbine: above cutoff fraction 
x MED (standby)  +  SWCC (on) : below MED cutoff load, all steam goes to SWCC 
x MED (startup) + SWCC (on):  starting-up MED, and all steam goes to SWCC 
x MED (on) + SWCC (off): above MED cutoff load and below MED maximum load, steam only 
goes to MED 
x MED (on) + SWCC(on): MED above maximum over design fraction, and steam goes to MED and 
SWCC 
 
The MED and SWCC are defined to work in conjunction, but the SWCC is designed to be able to work without 
the aid of MED plant to condense all the steam from turbine. Even if the MED plant is designed to condense the full 
load of the CSP plant in nominal conditions, the SWCC is assumed to be also present as it is programed to be used 
whenever the MED plant is starting up. 
5. Main parameters used in the simulation 
The thermodynamic simulation for the cogeneration cycle was done using the TRNSYS physical trough model 
that is working behind SAM. In order to assume the cogeneration of a CSP plant with desalination, two new 
TRNSYS subroutines were built and integrated with the existing CSP/TRNSYS components used in SAM. One 
subroutine was made to simulate a FF-MED plant, and a second to simulate a SWCC. These subroutines can work 
in conjunction or separately between them. 
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Several variables used to define the MED plant, were taken from an experimental campaign that took place 
during July 2012 using the FF-MED experimental plant at Plataforma Solar de Almeria (PSA), in Spain [5]. Other 
variables were defined from values obtained after a technical visit to a commercially operated MED plant in West 
Sicily, Italy, during April 2013. Ratios used for the preliminary calculation of the steam consumption with the NCG 
ejection were obtained from direct contacts with manufacturers. The literature was used to provide information on 
the values that were not available from the previous sources described, as well as reference for comparison 
whenever possible [4]. 
 
The area of San Diego, CA, was considered for the simulations in this work, as it suffers water stress, is densely 
populated and has plans to start including the usage of Reverse Osmosis plants in the municipal drinking water 
supply system [6]. Although San Diego does not have an optimum solar resource availability for CSP investments 
(Direct Normal Irradiance (DNI) value of 1965.2 kWh/m2/y [3]), it is above the standard threshold considered by the 
CSP industry for investments (1800 kWh/m2/y) [1]. 
 
Table 1 and 2 give an overview of the main variables used in the thermodynamic simulation of the CSP plant, 
and in the new MED/SWCC system, respectively. 
 
Table 1- Main parameters of the SAM physical trough model and their values for this study [3] 
Subsystem Value Parameter 
Weather data San Diego, California  Typical year weather 
Solar Field 861 590 Field aperture area [m2] 
Therminol VP-1 Fluid specifications 
293 Inlet design temperature [ºC] 
391 Outlet design temperature [ºC] 
Solar Collector Assembly Solargenix SGX-1 Configuration 
Heat Collection Elements Schott PTR70 2008 Configuration 
Power Cycle 111 Design gross output [Mwe] 
0.3774 Rated cycle conversion efficiency 
100 Boiler operating pressure [bar] 
Cooling System Evaporative Type 
20 Ambient design temperature [ºC] 
10 Reference condenser water dT [ºC] 
5 Approach temperature [ºC] 
1.25 Minimum condenser pressure [inHg] 
Thermal Storage Hitec Solar Salt Storage HTF fluid 
6 Full load hors of TES  [hr] 
 
 
Table 2 – Main variables used to describe the MED / SWCC system and parasitic for this study 
System Value Unit Parameter 
    
MED 12 - Number of effects 
 110 % maximum Heat load fraction (compared with MED nominal) 
 50 % minimum heat load fraction (compared with MED nominal) 
 40 % Design fraction (compared with CSP heat rejection load at nominal conditions) 
 73 MW Heat Load design fraction 
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 35 minutes Minimum restart time 
 33 ºC Temperature of feed water leaving the condenser 
 35.5 ºC Brine temperature in the last effect 
 5.7 x 10-5 - Tolerance used to reach an equilibrium 
 70 ºC Temperature of Motive steam (assumed saturated) 
 18.5 ºC Temperature of Seawater 
 1,5 ºC Thermodynamic losses with  Boiling Point Elevation 
 2.4 kW/m2.ºC Overall Heat Transfer Coefficient in the first effect 
 5 % Overall heat transfer Coefficient reduction between effects 
 3.3 wt% Seawater salinity concentration 
 5 wt% Brine maximum allowed salinity 
 90 % Quality of the steam input given by the turbine 
 2.5 ºC Sub cooling of the condensate before returning to the boiler and suffering preheating 
 10 % % of the total heat load necessary to preheat the feed water inside the first effect up to 
saturation conditions 
 2.3 % % of the total heat load loss in average per effect with extra thermodynamic losses  
(surroundings, demister, transmission lines, condensation inside horizontal tubes, and 
inefficiency on the preheaters) 
    
SWCC 1x105 Pa Pressure required at the condenser outlet  (if working without the MED plant) 
 4 ºC Temperature increase of the Cooling water after passing through the SWCC 
 30 ºC Condensation temperature in simulations working only with CSP (without MED) 
    
Parasitic 10 m Plant elevation from sea level  
 4.5 - Ratio between shell area HTX area of tube bundle (pitching not accounted) 
 1 m/s Seawater velocity inside Intake pipes from sea up to the plant 
 5.18 x 10-6 m Roughness of the intake pipes (glass-reinforced plastic) 
 600 m Plant distance to seawater 
 2 x 105 Pa Pressure required at the condenser outlet 
 5.18 x 10-6 m Roughness of the outlet pipes (glass-reinforced plastic)  [7] 
 800 Pa Motive steam pressure used to eject NCG 
 5 m Distillate tank storage height 
 100 m Storage tank distance to the plant 
 1 m/s Velocity of distillate inside pipes connecting the plant to the storage tank 
 5 x 10-5 m Roughness of the storage connection pipe [8] 
    
 
(The SWCC shares variables with the condenser of the MED plant). 
6. Outputs 
Using the San Diego case study, four power cycle cooling scenarios where considered assuming the operation of 
the CSP plant with: MED/SWCC, dry cooling, evaporative wet cooling, and SWCC without MED. Typical 
production days during the winter (1st of January) and summer time (1st of July) are presented in figure 2 for CSP + 
MED/SWCC. 
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Figure 2 – Typical operation days for a CSP plant with MED/SWCC during winter (1st of January) and summer time (1st of July) 
 
The results show that the CSP+MED/SWCC model behave as it would be expected. In the typical winter day, the 
intermittence on the production of the CSP plant during its operating hours do not propagate with the same 
magnitude to the MED plant performance. The MED plant production is kept relatively stable, while the peaks are 
absorbed by the SWCC that turns on and off several times during that specific winter day shown. It is also possible 
to observe that the MED plant only starts operating sometime after the CSP turbine comes online. 
 
The cumulative output of the CSP+MED/SWCC is presented in figure 3, where it is possible to see that the 
distillate production has the same production behavior as the electrical production. Pumping costs can reach 3% of 
the gross electrical output of the CSP plant using an MED/SWCC system. The annual capacity factor of the MED 
plant is 37% (reaching 50% during the most productive month of the year, August), while the CSP plant presents a 
lower performance, having only 25% annual capacity factor. This behavior is explained by the sub-dimensioning 
strategy adopted with the MED/SWCC model, and so, when the MED plant operates it has higher probabilities of 
operating near its design conditions due to the intermittent nature of the solar resource. 
Figure 3 – Cumulative production and parasitic of the CSP+MED/SWCC for a one year operation 
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Figure 4 presents a comparison of electric generation for all scenarios accounting as reference the power output 
of the CSP+MED/SWCC system. The most favorable scenarios under these circumstances correspond to the usage 
of SWCC or wet cooling. Average vapor temperature inside the condenser with SWCC was 25.4 ºC, and with wet 
cooling it ranged between 33 ºC and 36 ºC throughout the year, as the air temperature during the day is not as 
extreme near the coast as it is in desert zones where normally CSP plants are built. However, in these conditions 
SWCC may be have an economic advantage since evaporative cooling with seawater is a more material demanding 
operation in the long run and has higher construction costs when compared with standard cooling towers using 
freshwater [9]. The usage of seawater instead of freshwater in the wet cooling system has a negligible impact on the 
electrical production of the CSP plant (less than 0.15% variation). The worst performances accounting only electric 
production were obtained by the dry cooling and the MED/SWCC systems, as they are the ones that impose a higher 
vapor pressure for the steam leaving the turbine. The cut back on the electrical performance of the 
CSP+MED/SWCC is compensated by distillate water production between 83 000 and 250 000 m3 per month, 
depending on the months (and producing more during the hottest months of the year). This loss on electric 
production may be compensated economically by the fresh water production depending on water prices. Lower 
thermal energy storage capacity of the CSP plant will implicate a lower capacity factor of the MED plant, even 
when using the strategy of combining it with a SWCC, due to more frequent fluctuations of the CSP plant output. 
 
The results from the model output show that the difference between the MED/SWCC and the wet cooling or 
SWCC system differ up to a maximum of ~5 % in favor of the wet cooling system, if only electricity production is 
accounted, but no fresh water can be produced. It is important to mention that the NCG ejection system is not 
assumed yet in the electric power output of the CSP plant.  
Figure 4 – Comparative power output for the CSP plant with different cooling systems (and distillate production when MED is used) 
 
Table 3 shows the detailed results of the simulations for the San Diego case study. 
 
Table 3- Annual net electrical output, parasitic (except with NCG for the MED system), and Distillate produced when MED is used 
 Wet Cooling Dry Cooling SWCC MED+SWCC 
 Net Output  
(MWe) 
Parasitic 
(MW) 
Net Output  
(MWe) 
Parasitic 
(MW) 
Net Output  
(MWe) 
Parasitic 
(MW) 
Net Output  
(MWe) 
Parasitic 
(MW) 
Distillate 
(m3/month) 
Jan 9 792 1 308 9 512 1 474 9 775 1 203 9 381 1 499 85 095 
Feb 13 581 1 215 13 326 1 390 13 550 1 076 13 010 1 506 104 995 
Mar 21 743 2 005 21 370 2 177 21 651 1 746 20 711 2 471 165 523 
Apr 29 782 2 293 29 139 2 514 29 685 1 900 28 307 2 899 218 714 
2250   Sérgio Casimiro et al. /  Energy Procedia  49 ( 2014 )  2241 – 2250 
May 25 059 2 093 24 621 2 206 24 944 1 720 23 847 2 562 184 383 
Jun 26 388 2 366 25 791 2 478 26 520 1 911 25 285 2 853 199 622 
Jul 31 626 2 577 30 925 2 696 31 881 2 021 30 456 3 109 234 152 
Aug 34 208 2 697 33 481 2 809 34 637 2 100 33 129 3 290 253 612 
Sep 23 129 1 877 22 470 1 967 23 380 1 473 22 352 2 272 170 910 
Oct 18 813 1 487 18 336 1 568 18 859 1 160 18 087 1 756 135 134 
Nov 11 584 1 154 11 283 1 289 11 529 0 952 11 117 1 284 102 608 
Dec 8 472 0 979 8 164 1 146 8 416 0 868 8 137 1 093 83 116 
Total 254 178 22 051 248 418 23 712 254 827 18 130 243 817 26 593 1 937 863 
7. Conclusions 
This paper presents a new model to simulate a CSP plant working in cogeneration with a MED system, through a 
new functionality that was added to the SAM code from NREL. To test this model, four scenarios were considered 
assuming a CSP plant operating in San Diego, CA, with different cooling systems, namely: MED/SWCC, 
evaporative wet cooling, dry cooling and SWCC only. 
The results show that the usage of an MED/SWCC system in cogeneration with a CSP plant can be feasible and 
has the potential to be economically interesting, as the electrical performance of the CSP+MED/SWCC is only 5% 
lower than the CSP+Wet Cooling, but with the advantage of producing fresh water. It is important to note that the 
electrical power output results do not account yet the NCG ejection from the MED plant, which in the simulations 
that were run used ~4 ton/hour of motive steam at 8 bars at nominal conditions of the MED plant (62.5 MWt). 
Results for the controlling strategy of the CSP+MED/SWCC system are in accordance with the expected 
behavior of the cogeneration scheme under the different modes of operation: standby, startup, part or full load. 
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